Abstract. Calsequestrin (CSQ) is the low affinity, high capacity Ca2+-binding protein concentrated within specialized areas of the muscle fiber sarcoplasmic reticulum (a part of the ER) where it is believed to buffer large amounts of Ca 2÷. Upon activation of intracellular channels this Ca 2+ pool is released, giving rise to the [Ca2+]i increases that sustain contraction. In order to investigate the ER retention and the functional role of the protein, L6 rat myoblasts were infected with a viral vector with or without the cDNA of chicken CSQ, and stable clones were investigated before and after differentiation to myotubes. In the undifferentiated L6 cells, expression of considerable amounts of heterologous CSQ occurred with no major changes of other ER components. Ca 2+ release from the ER, induced by the peptide hormone vasopressin, remained however unchanged, and the same occurred when other treatments were given in sequence to deplete the ER and other intraceUular stores: with the Ca 2+ pump blocker, thapsigargin; and with the Ca 2+ ionophore, ionomycin, followed by the Na÷/H + ionophore, monensin. The lack of effect of CSQ expression on the vasopressin-induced [Ca2+]i responses was explained by immunocytochemistry showing the heterologous protein to be localized not in the ER but in large vacuoles of acidic content, positive also for the lysosomal enzyme, cathepsin D, corresponding to a lysosomal subpopulation. After differentiation, all L6 cells expressed small amounts of homologous CSQ. In the infected cells the heterologous protein progressively decreased, yet the [Ca2+]i responses to vasopressin were now larger with respect to both control and undifferentiated cells. This change correlated with the drop of the vacuoles and with the accumulation of CSQ within the ER lumen, where a clustered distribution was observed as recently shown in developing muscle fibers. These results provide direct evidence for the contribution of CSQ, when appropriately retained, to the Ca 2÷ capacity of the rapidly exchanging, ER-located Ca 2+ stores; and for the existence of specific mechanism(s) (that in L6 cells develop in the course of differentiation) for the ER retention of the protein. In the growing L6 myoblasts the Ca2+-binding protein appears in contrast to travel along the exocytic pathway, down to post-Golgi, lysosome-related vacuoles which, based on the lack of [Ca2+]~ response to ionomycin-monensin, appear to be incompetent for Ca 2+ accumulation.
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CUMULATION of Ca 2+ within the cisternae of the ER is a general property of eukaryotic cells. A family of pumps, the sarcoplasmic-endoplasmic reticulum Ca 2+ ATPases (SERCAs),' takes care of the transport of the lieved to play a major role in the storage of the cation. Calreticulin (CR) appears to be ubiquitously expressed, although its levels are often variable depending also on the differentiation state of the cell. Within the ER lumen CR is widely distributed, similar in this respect to other resident proteins (Michalak et al., 1992; Pozzan et al., 1994) . Calsequestrin (CSQ), on the other hand, is expressed by only a few cell types, especially muscle fibers. Fast twitch skeletal muscles express a first (Fliegel et al., 1987) and the heart a second (Scott et al., 1988) isoform, while slow twitch and various smooth muscles can express both (Volpe et al., 1994) . Outside muscles, CSQ expression has been reported only in the Purkinje neurons of birds (Volpe et al., 1990) . On simple functional and molecular grounds CSQ appears to resemble CR by a variety of criteria. It has approximately the same relative molecular weight and binds Ca 2÷ with approximately the same low affinity (ko •1 mM) and high stoichiometry (1/25-50). The general organization of the two proteins, with a highly acidic Ca2+-binding COOH-terminal domain, is also similar (Fliegel et al., 1987; Michalak et al., 1992; Pozzan et al., 1994) . However, profound differences exist in the amino acid sequence. In particular, CSQ does not exhibit at its very COOH terminus the tetrapeptide KDEL (Fliegel et al., 1986; Scott et al., 1988) recognized by the recycling receptor which unables CR and several other proteins to maintain their ER lumenal localization (Pelham, 1988) . Moreover, the distribution of CSQ is not even throughout the lumen but is markedly concentrated into discrete areas (e.g., the terminal cisternae of the skeletal muscle sarcoplasmic reticulum [SR] ), localized in close proximity to the release channels, the ryanodine, and/or inositol 1,4,5-trisphosphate (IP3) receptors (Franzini-Armstrong et al., 1987; Villa et al., 1993a; Pozzan et al., 1994) . These discrete areas appear therefore specialized to assure the high efficacy of two coordinate processes: on the one hand, Ca 2÷ storage; on the other hand, Ca 2÷ release from the ER lumen to the surrounding cytosol.
During the last several years, the peculiar localization of CSQ has attracted considerable interest, however the underlying mechanisms have not been fully identified yet. Electron microscopy studies have revealed the protein to be arranged into dense, apparently insolubilized masses visible already during early postnatal steps of skeletal muscle development (Flucher, 1992; Villa et al., 1993b) . These masses, which initially appear randomly scattered throughout the entire ER, progressively concentrate into the specialized discrete areas observed in the adult, apparently attached to the lumenal surface of the membrane by discrete filaments possibly composed by integral membrane proteins protruding into the lumen (Franzini-Armstrong et al., 1987) . Up until now, however, the information about the filaments or other anchorage mechanisms of the CSQ masses has not gone much beyond description and hypotheses (Mitchell et al., 1988; Damiani and Margreth, 1990; Knudson et al., 1993) .
Because of its peculiar properties, CSQ can be envisaged as an interesting tool to investigate mechanisms that underlie the ER structure and function. The experimental approach that we have used was based on the expression in L6 cells, a line of rat myoblasts, of a heterologous form of the protein, specific of chicken muscles (Clegg et al., 1988; Choi and Clegg, 1990) . In their undifferentiated, growing state the cells of this line exhibit a fibroblast-like phenotype which turns towards muscle differentiation, with expression of specific markers including CSQ, only after a few-day culture into a low-serum medium (Yaffe, 1968 (Yaffe, , 1973 . Stable clones of these cells, infected either with or without the eDNA for the chicken muscle Ca2+-binding protein, were studied both before and after differentiation by a comprehensive approach that included biochemistry, physiology and immunocytochemistry. Our results have revealed new aspects of the cell biology of the CSQ protein with ensuing insights into the processes of Ca 2+ distribution and Ca 2÷ homeostasis in eukaryotic muscle and noumuscle cells.
Materials and Methods

Materials
The I.,6 myogenic cell line, described by Yaffe (1968) , was purchased from American Type Culture Collection (Rockville, MD); fura-2, monensin, and ionomycin from Calbiochem-Behring Corp. (San Diego, CA); thapsigargin (Tg) from L.C. Service Corp. (Woburn, MA). The antibodies (Abs) used have been described elsewhere: anti-CSQ, a rabbit pelyclonal Ab, by Hall et al. (1988) ; anti-CR, a rabbit pelyclonal Ab, by Pen-in et al. (1991) ; anti-ER membrane proteins, afffinity-purified rabbit polyclonal Abs, by Louvard et al. (1982) ; anti-bovine protein disulfide isomerase (PDI), a rabbit polyclonal Ab, by Villa et al. (1993a) ; anti-PDI C terminal tail (1D3) a mouse monoclonal Ab, by Vaux et al. (1990) ; anti-SERCA, a mouse monoclonal Ab, by Colyer et al. (1989) ; anti-IP3 receptors, a rabbit polyclonal Ab, by Peng et al., 1991; anti-cathepsin D (eatD) , a rabbit polyelonal Ab, by Hashimoto et al., 1988 . Rhodamine-and fluoresceine-labeled donkey IgGs against rabbit and mouse IgGs as well as rhodamine-labeled sheep IgGs against the same antigens, unlabeled goat Fab fragments and goat serum were purchased from Technogenetics (Milan, Italy). Colloidal gold particles (5 and 15 rim), coated with goat IgGs against either rabbit (large and small particles) or mouse (small particles only) IgGs, were purchased from Biocell (Cardiff, UK). Before each labeling experiment the colloidal gold preparations wore carefully checked in the electron microscope for adherence to specifications in terms of both size uniformity and absence of aggregates. Only the preparations exhibiting >95 % of single particles and no aggregates larger than two particles were used in the present work. Other chemicals were analytical or the highest grade available.
[12Sl]Protein A and the sheep anti-mouse [~25I] mAb were purchased from Amersham Int. (Buckinghamshire, England); 3-(2,4-Dinitroanilino)-3'amino-N-methyldipropylamine (DAMP) and anti-DAMP Ab from Oxford Biomedical Research (Oxford, MI); culture sera and media from GIBCO (Basel, Switzerland); glass microflber filters from Whatman, (Maidstone, U.K.); the remaining chemicals from Sigma-Aldrich (Milan, Italy).
Generation and Growth of CeU Clones
Construction of retroviral expression vectors containing the neo-gene, with or without the chicken CSQ eDNA (Clegg et al., 1988) inserted behind a human cytomegalovirus intermediate early promoter/enhancer, has been described in Muller et al. (1990) . Plasmid DNA was purified from Eacherichia coli strain DH5-c~ by the alkaline SDS lysis-CsC! gradient procedure (Sambrook et al., 1989) and infected into the retroviral packaging cell line PA317 (Bender et al., 1987) using the cationic lipid lipofectin (Bethesda Research Labs, Bethesda, MD) (Muller et al., 1990) . Various separate G418-resistant clones were isolated and expanded, and tissue culture supernatants from confluent cultures (Bender et al., 1987) wore cleared of debris by eentrifugation at 3,000 g and used to infect L6 cells.
For infection, L6 cells were cultured for 24 h in DME containing 20% FCS and 400 ttg/mi polybrene, in the presence of varying dilutions of viral particles. After washing away the pelybrene and harvesting the cells, transductants were selected by growth in media containing 400 gg/ml active G418 (Geneticin; BRL-G1BCO, Bethesda, MD) for 14 d. Resistant colonies were subeloned by dilution and grown in 96-well plates. Selected derivatives of L6 were propagated into 10 cm Petri dishes in the presence of 400 gg/ml G418 to maintain selective pressure. Cells were fed every other day with high serum media (DME containing 20% FCS) and passed by trypzinization when 75 % confluent.
Differentiation of myoblasts to myotubes was obtained according to the protocol described by Yaffe (1973) . Briefly, myoblasts were plated onto 10
The Journal of Cell Biology, Volume 128, 1995 342 cm Petri dishes (2 x 106 cells/dish) previously coated with gelatin (0.01%) for 15 rain at room temperature, in the above described culture medium. After 2 d of culture, cells were bathed in the differentiation medium containing DME, 2 % horse serum, 0.04 U/ml insulin.
SDS-PAGE and Western Blotting
The various cell preparations were harvested, washed in PBS, and then lysed in 150 mM NaCl, 15 mM MgCl2, 1 mM EGTA, 1 mM PMSE 50 mM Hepes-KOH, 10% glycerol, 1% Triton X-100, pH 7.5. After addition of SDS and/3 mercaptocthanol, the samples were boiled and 50-80 #g of protein (measured by the bicinchonic acid procedure) were loaded into the slots of 10% SDS polyacrylamide minigels which were run as described elsewhere (Villa et al., 1992 
Secretion Studies
For secretion studies, the proteins present in the culture media were precipitated by adding solid ammonium sulfate at 80% saturation, and the suspensions were stirred for 30 rain. The pH was then adjusted to 4.7 with phosphoric acid and the suspensions were stirred for more than 4 h in the cold room. The precipitated proteins were collected by centrifugation at 15000 g for 20 rain, the pellet was dissolved, dialyzed against PBS, and finally analysed on 10% SDS polyacrylamide minigels as described in the preceding section.
[Ca2+lt Measurements
At the beginning of the experiments, the differentiated and undifferentiated cell preparations were harvested, washed, and finally loaded for 30 rain at 37"C (while suspended in DME containing either 10 or 2% FCS: undifferentiated or differentiated cells, respectively) with the Ca 2+ sensitive dye fura-2, added as acetoxymethylester (final concentration, 5 ~,M). Cells were then diluted in Krebs Ringer Hepes medium containing: 125 mM NaC1, 5 mM KCI, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2 mM CaCI2, 6 mM glucose, 25 mM Hepas-NaOH, pH 7.4, to a final concentration of 3-4 × 106 cells/ml, and kept at 37"C until use. Cell aiiquots (4 × 106 cells) were centrifuged, resuspended by gentle swirling in 1.5 mi of medium supplemented with 250 ~M sultinpyrazone (to prevent dye leakage), and finally transferred to a thermostatted cuvette (37"C) maintained under continuous stirring in a fluorimeter (LS-SB; Perkin Elmer Corp., Eden Prairie, MN). Analyses were carried out as recommended by Grynkiewicz et al. (1985) . I rain before adding the Ca 2+ releasing agents, the samples were supplemented with excess EGTA (3 raM; Ca2+-free medium 
Conventional and Immuno Microscopy
Cell culture monolayers were fixed in situ for 2 h at 4"C with 4% paraforrnaidehyde, 0.25% glutaraideh)xle in 125 mM phosphate buffer, and then washed with the buffer. Some monolayers were processed for immunofluorescenee as such, others were detached by scratching, suspended in the phosphate buffer, and centrifuged at low speed. The pellets thus obtained to be used for conventional electron microscopy were washed extensively with phosphate buffer, postfixed with 1% OsO4 in 125 mM cacodylate buffer, dehydrated in ethanol, block stained with uranyl acetate, and embedded in Epon. Thin sections were doubly stained with uranyi acetate and lead citrate. Samples for cryosections were infiltrated with concentrated sucrose, frozen in a 3:1 (voi/vol) mixture of propane and cyclopentane cooled with liquid nitrogen, and transferred to an ultramicrotome TOP 170A with a cryosection apparatus TOP CRYO 200 (Pabisch, W., S.p.A., Milan, Italy). The sections for immuno fluorescence ('~l-tLm thick, flattened over glass slides) as well as the fixed monolayers were covered with 2% liquid gelatin in 125 mM Na phosphate buffer, pH 7.4. After a short treatment with 1% Na borohydrate (to eliminate glutaraldehyde fluorescence) they were washed and exposed for 30 rain to a solution containing 0.3% Triton 3[-100, 15% filtered goat serum, 0.45 M NaC1, and 10 mM phosphate buffer, pH 7.4. After washing, the sections were exposed (1 h at 37"C or overnight at 4"C) to any one of the various primary Abs diluted in the above Triton X-100 and goat serum-containing solution. They were then washed thoroughly and treated with the appropriate rhodamine-labeled sheep Abs (1:20-1:40 in the "l~itun X-100, goat serum solution, 30-60 rain, 37°C), washed again, and mounted in glycerol to be examined in either a Zeiss Photomieroscope Ill apparatus or a LSM Zeiss confoeal scanning microscope (Carl Zeiss, Inc., Oberkochen, Germany), where images were recorded using a Focus lmagecorder Plus (Focus Graphics Inc., Foster City, CA). Controls in which the primary Ab was either omitted or replaced by preimmune or nonimmune IgGs yielded completely negative results. Dual labeling was carried out by sequential exposure of the samples to two Abs, revealed by rhodamine and fluoresceine, respectively, using precautions to prevent cross-labeling, signal spill-over, and bleed-through artifacts as described in detail by Villa et al. (1993a) . For immunogold labeling, ultrathin cryosections (50-100-nm thick) were collected over nickel grids and covered with 2 % gelatin. After treatment with 125 mM Na phosphate buffer, pH 7.4, supplemented with 0.1 M glycine, they were exposed for 1 h at 37"C to the first Ab diluted in phosphateglycine buffer, and then washed with the buffer and decorated with anti-IgG-coated gold particles (5 or 15 nm, dilution 1:80 in the same buffer). For dual labeling the sections were exposed in sequence to the two Abs followed by the corresponding gold particles, with appropriate washing and quenching steps in between (see Villa et al., 1993a) . In all cases the anti-CSQ Ab and the large gold particles were applied second. The immunodecorated grids were then processed as recommended by Keller et ai. (1984) . Both conventional sections and cryosections were examined in a Hitachi H-7000 electron microscope. Pictures were usually taken at a magnifieatiun of 24,000.
With nonimmune serum, the 5 tun gold particle labeling was low and uniformly distributed over the cell nucleus and cytoplasm. The average labeling, calculated under standard conditions in a group of randomly chosen pictures, i.e., the background, was three to five gold particles//~m 2. With 15 run particles the background values were variable, depending on the experimental conditions used (in no case >35 particles//am2). When the specific Abs were used, labeling over some cell structures, such as nuclei and mitochondria, was not significantly different from the background.
Results
Stable clones of rat L6 cells were selected (by (3418 exposure) from the cell populations previously infected with constructs containing the retrovirai expression-antibiotic resistance vector, with or without the eDNA of the chicken CSQ The latter protein is known to run in SDS gels at a rate similar to the mammalian cardiac CSQ (52 kD; Choi and Clegg, 1990), and to be therefore easily distinguished in Western blots from the skeletal muscle isoform endogenously expressed by L6 cells after differentiation, which exhibits an apparent molecular weight 10 kD higher.
Protein Expression
A first series of experiments was carried out to characterize protein expression in control and CSQ-infected clones of L6 cells while in their fully growing, undifferentiated state. The results obtained are summarized in Figs. 1 and 2. Western blots obtained with total homogenates of two control and four CSQ-infected clones investigated for the two Ca z+-binding proteins, CSQ and CR, are shown in Fig. 1 . Expression of CR (Fig. 1 B) was found to be quite constant in all these clones. The values of this protein, established in this and in three additional experiments by microdensitometry in comparison with scale amounts of an authentic standard run in parallel (not shown), were found to vary between 1.5 and 1.8 ftg/mg of total homogenate protein. The CSQ results of the same clone homogenates are illustrated in Fig. 1 A. As can be seen, the two control clones, C1 and C2, exhibited immunoreactive bands neither at 52 nor at 61 kD, the positions of the infected and endogenous CSQ, respectively. In all the four CSQ-infected clones, on the other hand, immunodecorated bands positioned at 52 kD were clearly visible, although quite variable. In the two richest clones, A3 and H, a second CSQ-positive band appeared at the apparent molecular weight of 48 kD, whereas in the two poor clones, J1 and J2, clear second bands were never observed, even when exposure of the immunoblots was prolonged to obtain signal intensities comparable to those shown for the A3 and H clones. The actual CSQ values of the last two clones were measured by microdensitometry (as specified above for CR) in a total of 12 experiments. For the authentic band the results obtained varied between 1.1 and 1.5, for the faster band between 0.6 and 1.8 $g/mg of total homogenate protein.
Overall, these levels of expression are comparable to those of normal skeletal muscle fibers (see Pozzan et al., 1994) .
The Western blot characterization of homogenates of the two control and the two CSQ-rich clones, A3 and H, in their undifferentiated state, was pursued by the study of various other proteins known to play important roles in Ca 2+ homeostasis (Fig. 2) . In all clones, the anti-SERCA Ab revealed two bands at ~,,110 and 95 kD, probably corresponding to the 2b and 2a isoforms of the ATPase, respectively. Some differences of these bands were revealed among the clones, in particular C1 appeared rich in the lower band and H in both. These differences, however, might not be of great physiological significance since, with respect to the L6 cell mixed population and to other cell lines (not shown), all of the clones appeared well equipped with these pumping enzymes. Variability was observed also with two other proteins, however limited to moderate degrees (<30%): the intracellular Ca 2+ channel, IP3 receptor; and the lumenal enzyme, PDI, which is also a Ca2+-binding protein (Fig. 2) . Of the four main proteins recognized by the Ab raised against ER membranes (Louvard et al., 1982) , the 91-kD calnexin and the low molecular weight, 28-29-kD proteins, previously described in other cell types, were found to be expressed at low levels in L6 cells. Two other bands, 66 (a doublet) and 48 kD, were more abundant, with some, but not major, heterogeneities among the clones (Fig. 2) .
Further experiments were carried out with control and CSQ-infected cells induced to differentiate by low serum culturing (Yaffe, 1973) . Fig. 3 illustrates the results obtained with CSQ and CR in the C1 and A3 clones. Similar results were obtained also with the C2 and H clones. CR was not consistently modified after 3 d. After 7 d, however, it was considerably decreased (-40-60% compared to undifferentiated ceils; see also Opas et al., 1991) (Fig. 3 B) . The changes in CSQ (Fig. 3 A) were more complex. First of all, the homologous skeletal isoform of the protein began to accumulate and was fully visible already after 7 d of differentiation. At later stages (10 and especially 20 d) the values in- Figure 2 . Western blot analysis for various ER components in control (C1 and C2) and CSQ-infected (,43 and H) L6 cell clones. Notice some variability among the clones in the expression of the SERCA pumps concerning in particular the more slowly running band. Expression of both the lumenal protein, PDI, and the IP3 receptor (IPzR) appears in contrast more even, while the anti-ER membrane protein blot reveals a doublet at 66 and a band at 48 kD, both moderately variable among the clones. creased considerably (not shown). Concomitantly, the avian type protein decreased in the CSQ-infected cells, with a marked drop already at 3 d both of the authentic (-60%) and, especially, of the faster (-90%) CSQ-positive bands. At 7 d the faster band was no longer visible, while the authentic heterologous band stabilized at values only moderately higher than the homologous protein. Thereafter (10 and 20 d, not shown) the heterologous CSQ remained stable while the homologous protein increased, similar to the control cells.
CSQ immunoreactivity was also searched for in the incubation medium of the cells. The endogenous mammalian skeletal isoform was never detected, in both controls and CSQ-infected cells. In contrast, the avian form appeared in the medium of the CSQ-infected cells (~10% released in 12 h with respect to the total intracellular levels), however only as a single band of authentic relative molecular weight. The lower molecular weight CSQ band was never detected in the medium (Fig. 3 C) . During differentiation the medium band decreased considerably, especially at 7 d (Fig. 3 C) and thereafter (not shown). In a few experiments, CSQ-infected A3 cells, before and after differentiation, were incubated in vitro for 2 h with the Ca ~÷ ionophore, ionomycin, 0.5/~M. In other cell types this treatment has been shown to greatly increase the rate of regulated secretion. In contrast, no consistent increase of CSQ discharge was observed with respect to unstimulated preparations incubated in parallel (not shown in figures).
Morphological Studies
The four L6 clones discussed so far for ER protein expression were investigated also by morphological techniques. The results shown refer to e l and A3, but similar data were obtained also with C2 and H. Fig. 4 , A and B, compares the conventional thin section electron microscopy of undifferentiated cells. Although the general appearance of control and CSQ-infected cells was moderately different, with the latter cells being larger and apparently more flat, the nucleus, mitochondria, ER and Golgi complex (GC) were similar. In addition, however, the CSQ-infected cell (Fig. 4 B) showed a series of ovoidal vacuoles, 0.2 to 0.6 #m in the small diameter, often concentrated near the cell surface. Some of these vacuoles appeared filled with a homogeneous, moderately dense content (Fig. 4, B, D , and E); in others the content was more irregular, with a moth-eaten appearance (Fig. 4 C) . Finally, some of the vacuoles appeared to enclose not one but two to four moderately dense masses, close to each other (not shown). The vacuoles were often located in the proximity of other organdies, particularly ER cisternae and mitochondria, with respect to which, however, they never establish continuous connections, apparently maintaining therefore the status of discrete organdies (Fig. 4 B) .
In the higher magnification insets (Fig. 4, C-E ) the vacuoles are shown to often possess localized membrane irregularities (duplications, small blebs) which however do not extend into the content.
The molecular composition of the vacuoles was investigated by immunofluorescence and immunogold labeling of undifferentiated L6 cells. Fig. 5 A illustrates the delicate immunofluorescent network revealed by the decoration with anti-CR Ab in a control C1 cell. The images obtained with the same Ab in CSQ-infected cells were not appreciably different (not shown). Marked differences between control and infected cells were in contrast revealed when immunofluorescence was addressed to CSQ. In agreement with the Western blot data (Fig. 1) , control cells were in fact negative (Fig. 5 B) whereas the CSQ-infected cells exhibited a tenuous fluorescence in their background cytoplasm together with numerous, intensely fluorescent puncta visible in over 50% of the cell population. The largest and most prominent puncta were concentrated in the subplasmalemma area, others were spread in the rest of the cell (Fig. 5 C) . The nature of these CSQ-positive puncta was further investigated by immunogold labeling of ultrathin crio and Epon sections. As can be seen in Fig. 5 (D and G) , the organelles positive for CSQ were vacuoles corresponding in size, shape and distribution to those described by conventional ultrastructural analysis (Fig. 4, compare B-E) . Interestingly, some of these vacuoles exhibited a multilobular content (Fig.  5 D) while others were irregular, enclosing a dense, round, CSQ-positive core in apparent continuity with one or more lighter, largely CSQ-negative structures (Fig. 5 G) . In addition to the large vacuoles, some degree of CSQ labeling was observed over small, apparently discrete vesicles and within Golgi cisternae, in particular at the periphery and towards the trans Golgi area (Fig. 5, E and F, and data not shown). Within the ER lumen the CSQ labeling was low and appeared randomly distributed (Fig. 6, D Figure 4 . Conventional electron microscopy of undifferentiated control (C1) and CSQ-infected (A3) L6 ceils. The control cell (.4) shows a fibroblast-like phenotype, with numerous, widely distributed rough-surfaced ER cisternae, a well developed Golgi complex (GC), dense mitochondria and a fiat nucleus (N). In the CSQ-infected cell (B) all these properties are maintained. In addition the cells show accumulation of large vacuoles of moderate density. At higher enlargement (C-E) some of these vacuoles show a homogeneous, others a partially heterogeneous content. The limiting membrane of the vacuoles is locally duplicated or irregular. Bar (in these and in the following electron micrographs) 0.25 ~tm.
Various possibilities were considered to explain the nature of the CSQ-positive vacuoles revealed in undifferentiated, CSQ-infected L6 cells. Fig. 6 (A-C) shows confocal images obtained by the use of 1D3 (Vaux et al., 1990) , an Ab addressed to the COOH terminus of the ER lumenal protein, PDI, and recognized also by other ER resident proteins expressing the COOH-terminal tetrapeptide, KDEL. The delicate fluorescent network obtained with this Ab, which closely resembles that of CR (compare Figs. 6, A and B, with 5 A), appeared similar in control and CSQ-infected cells. When, however, the latter cells were doubly labeled for PDI and CSQ, the strong puncta positive for the second protein were Seen to correspond to small negative areas in the PDI network (Fig. 6, B and C) . Similar dissociation of the CSQ puncta was observed also with respect to the CR network (not shown). Dual label experiments were carried out also at the ultrathin cryosection immunogold labeling level. Fig.  6 D shows that the PDI labeling, concentrated within ER cisternae, was accompanied by only very low labeling for CSQ. The ER localization of PDI is confirmed also in Fig.  6 E, where however the major labeled structure is a vacuole that exhibits exclusively CSQ, and not any PDI labeling. Results similar to those of The results of Fig. 6 exclude the vacuoles of nondifferentiated, CSQ-infected cells to be part of the ER. Fig. 7 (,4 and B) explores the possible acidic nature of these organelles, investigated by confocal microscopy of CSQinfected cells dually labeled for CSQ and DAMP, a weak lipophilic amine accumulated into the acidic compartments (Orci et al., 1986; Hashimoto, 1988) . As can be seen, the punctate pattern revealed in the confocal microscope by the Ab against the latter antigen did not appear interrupted in correspondence of most, if not all, CSQ-positive puncta. The possible lysosomal nature of these CSQ-positive acidic organelles was investigated by immunolabeling with anticathepsinD (CatD) Abs. At the immunofluorescence level the general distribution of the two antigens, CSQ and CatD, ing to the fluorescence puncta, as revealed in a ultrathin Epon section and in a cryosection, respectively. In G the open arrow points to a lighter body, with only moderate CSQ labeling, which appears in direct continuity with a typical CSQ-rich vacuole. E and F show cryosectioned Golgi complex images of infected cells. Weak CSQ labeling is visible over vesicles (E) and within Golgi cisternae (F). The labeling encircled in F might be artifactual. Bar (in A, B, C, and in the following fluorescence micrographs) 10/~m. appeared similar, except for some large, strongly CSQfluorescent puncta near the cell surface (Fig. 7 , compare C and E). Attempts to obtain dually labeled fluorescent preparations yielded however unconvincing results. The problem was therefore reinvestigated at the ultrathin cryosection immunolabeling level. As can be seen in Fig. 7 (F and H-K) colabeling for the two antigens was observed in a large population of vacuoles which however appeared not homogeneous but distributed in two populations. Those with a denser content were most often rich in CSQ and showed low CatD immunolabeling (Fig. 7, F,, H, and I ). Other vacuoles, of lighter content, exhibited a variable CatD positivity and a low CSQ signal which, considering the relatively high background of the large gold immunolabeling, was often at or just above the specificity levels (Fig. 7, F and K) . In some cases, vacuoles of the two types were closely adjacent, suggesting a membrane continuity (Fig. 7 F) similar to that already mentioned in Fig. 5 G. A plot summarizing the CSQ/CatD immunolabeling properties of the investigated vacuoles is shown in Fig. 7 G.
Morphological studies were carried out also on L6 cells after differentiation induced by serum starvation. Fig. 8 (A  and B) shows conventional images of control C1 cell ultrastructure, documenting 7 d changes with respect to growing cells, including large prevalence of the myotube phenotype and appearance of muscle markers, such as the myofibrillae, with marked development of the smooth ER. Similar changes were observed in the other control clone, C2, and in the two CSQ-infected clones, A3 and H (not shown). At the immunofluorescence level the positivity for CSQ appeared now distributed throughout the cytoplasm, more prominent in the clones infected for the Ca2÷-binding protein than in the controls. Intensely fluorescent puncta were still evident, expressed however not by the majority but by <5 % of the infected cells (Fig. 8 D) . In the analyzed population the number of puncta/cell was 0.07, i.e., 1.7% with re- Notice, the almost uniform distribution of PDI throughout the ER lumen (arrowheads), with few accompanying CSQ-labeling gold particles; and the intense CSQ labeling of a vacuole which is completely PDI negative (thin arrow, E).
spect to the corresponding value in undifferentiated cells. Interestingly, the CSQ-positive puncta were visible not only in the infected ceils but appeared also in a fraction (•2%) of the controls (Fig. 8 C) . At later stages of differentiation (10 and 20 d) the puncta were visible neither in the infected nor in the control cells. In these more differentiated populations a fraction of the cells were of higher volume, with larger accumulation of CSQ.
Immunogold labeling of the 7-d cells revealed that the few CSQ-rich vacuoles (not shown) were undistinguishable from those of the growing cells. Profoundly different was in contrast the CSQ labeling of the ER lumen (Fig. 8, E and F) . On the one hand, it was much more intense than in undifferentiated cells; on the other hand, it was not evenly distributed but concentrated into discrete areas whereas other areas, in particular long cisternae, remained negative. Comparison of infected and control cells confirmed a moderately higher labeling in the first (Fig. 8 , compare E and F), which however was not quantitated morphometrically.
[Ca2+], Responses
These experiments, carried out in suspensions of fura-2-10aded cells, were aimed at investigating whether expression of CSQ in the infected cells was inducing changes of intraceUular Ca 2+ homeostasis. Fig. 9 shows the concentration dependence of the [Ca2+]i peak responses induced by the administration (in the Ca2+-free medium) of vasopressin (Vp), a peptide hormone that in L6 cells is addressed to the V1 receptor. The latter is a receptor coupled to the hydrolysis of polyphosphoinositides, which induces generation of IP3 and thus release of Ca 2+ from the stores. As can be seen, in the undifferentiated cells (Fig. 9 A) and ultrathin cryosection immunogold labeling for CSQ. A and B illustrate the conventional electron microscopy of control cells that show clear signs of differentiation, with a myotube phenotype, accumulation of myofibrils and development of the ER. C and D show the CSQ immunofluorescence images of controls and infected cells, respectively, chosen because of the occurrence of a few intensely fluorescent vacuoles in a cell minority of both preparations. The distribution of the labeling appeared primarily into a delicate network, more evident in the CSQ-infected cells. In the ultrathin cryosections (E and F, infected and control cell, respectively) such a network appears to be composed by ER cisternae which however appear partially filled with (small arrows) and partially devoid of (arrowheads) the immunogoldlabeled antigen.
tions remained essentially the same in the four clones investigated, no matter whether control or CSQ infected, in spite of the expression in the latter cells of considerable amounts of the Ca2+-binding protein. Fig. 9 B shows the corresponding peak responses observed in two clones, C1 and A3, investigated after 7 d differentiation treatment. As can be seen, the responses of the CSQ-infected clone were now larger than in the control, not so much however at low and maximal but rather at intermediate Vp concentrations, especially at 10 nM where the difference observed was about 2:1 in 12 experiments.
The results of Fig. 10 extend the study of Ca 2+ homeostasis from the IP3 sensitive, rapidly exchanging stores to the other Ca 2÷ stores of undifferentiated and differentiated L6 cells, controls and CSQ infected. The rationale of the experiments lies on the administration to the cell suspensions (in Ca2+-free medium) first of the optimal concentration of Vp (10 riM, Fig. 9 ) followed in sequence, after the exhaustion of the preceding response, by maximal concentrations of the SERCA pump blocker, Tg; of the Ca 2+ ionophore, ionomycin; and finally of the H+/Na + ionophore, monensin. Under the conditions of the experiment Tg is expected to release the 
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- part of the ER Ca 2+ pool remaining after the Vp treatment, due however to unopposed leakage from the store rather than to activation of a channel; ionomycin is expected to release Ca 2+ pools from non ER stores with non-acidic lumen; and monensin (working in association with ionomycin), the pools from acidic stores (Fasolato et al., 1991) . Fig. 10 (A and C) concerns the C1 clone; (B and D) the A3 clone. As can be seen, differentiation of the control cells fails to modify not only the [Ca2+]i responses induced by Vp, but also those by the other treatments. In the CSQ-infected cells, on the other hand, the increased response to 10 nM Vp observed after differentiation was not accompanied by any changes in response to the other treatments administered (Fig. 10, B and D) .
Discussion
In the present work we have investigated the expression of heterologous CSQ, the major Ca2÷-binding protein of muscle SR, in stable clones of a myoblast cell line that does express CSQ homologously together with other skeletal muscle markers, however only after differentiation. Some concern about our approach could come from the fact that the protein and cells used were from different animal species, chicken and rat, respectively. In the chicken, only one form of CSQ is known, localized in both heart and muscles, whereas in mammals two forms are expressed, one in fasttwitch muscles, the other in the heart, while in the slowtwitch and in the smooth muscles these two forms coexist within individual fibers (see Pozzan et al., 1994; Volpe et al., 1994) . Although the general structure of the chicken CSQ is very similar to that of the mammalian proteins, a few of its amino acid sequences are peculiar (compare Clegg et al., 1988 with Fliegel et al., 1987 , and Scott et al., 1988 and its glycosylation pattern is not yet known. The possibility should thus be considered that the accumulation of the chicken CSQ we have observed within the large vacuoles of infected, non differentiated L6 cells represents the result not of physiological sorting, but of some type of unspecific "rejection" process of the heterologous protein. Based on the available evidence, however, this possibility appears highly unlikely. In fact: (a) CSQ-rich vacuoles, such as those described here in L6 cells, were seen to develop in other types of mammalian cells as well (human epithelial HeLa and mouse C2 myoblasts) when infected with the eDNA not only of the chicken but also of a mammalian (rabbit) CSQ (Villa, A., J. Meldolesi, and P. Volpe, unpublished observations) ; (b) CSQ-rich vacuoles appeared not only in undifferentiated, infected cells, but also in a small fraction of controls at an early stage of differentiation, i.e., when these cells begin to synthesize the endogenous rat CSQ (see Figs. 3 and 8) ; and (c) in fully differentiated L6 cells, no matter whether control or CSQ infected, the Ca~+-binding protein was no longer sorted to the vacuoles, but entirely retained within its site of physiological localization, the ER. This last result demonstrates the "compatibility" of the chicken CSQ (which in the differentiated infected cells accounts for >50 % of the total) for the sorting mechanisms of rat L6 cells. We conclude therefore that the differential distribution of the heterologous CSQ observed in L6 cells depends on their state of differentiation. Moreover, the [Ca2+], results obtained in the infected cell populations before and after differentiation demonstrate that such a differential distribution of CSQ has profound effects on the responses triggered by a IP3 generating treatment.
In the skeletal, cardiac and smooth muscle fibers, as well as in avian Purkinje neurons, i.e., the cell types where CSQ is physiologically expressed, synthesis on the membranebound polysomes Coy the signal sequence-SRP mechanism) is known to be followed by the lumenal concentration of the protein within specialized areas of the ER (SR terminal and corbular cisternae; calciosomes; see Pozzan et al., 1994) . Such a localization cannot be due to the recycling from the GC, which has been demonstrated for other ER lumenal proteins, since CSQ misses the COOH-terminal sequence address, KDEL (Fliegel et al., 1987; Scott et al., 1988; Clegg [Ca2+] et al., 1988) . Rather, CSQ masses appear to assemble and might be directly attached to membrane protein(s) protruding into the lumen (Franzini-Armstrong et al., 1987) . Various proteins have been proposed to play this CSQ anchoring role (Mitchell et al., 1988; Damiani and Margreth, 1990; Knudson et al., 1993) . None, however, has been identified with certainty yet. In the growing, undifferentiated L6 cells only a tiny fraction of the heterologous CSQ was revealed within the ER, apparently intermixed at random with other lumenal proteins, the bulk being concentrated within the vacuoles. At variance with previously described bodies of different specificity (Sitia and Meldolesi, 1992) , these last organelles cannot be part of the ER because of their negativity for abundant ER lumenal proteins, such as PDI and CR. These results strongly suggest that growing L6 cells are devoid of the mechanisms to keep CSQ in its ER location. As a consequence, the Ca:+-binding protein appears to be transported along the exocytic pathway, ending up into the vacuoles.
Information about the assembly of the latter structures may be deduced from our ultrastructural and immunocytochemical findings. Within the GC of growing infected cells the CSQ labeling was found to be weak, revealing no major concentration with respect to the ER. The observation of small foci of labeling within individual cisternae, particularly towards the trans side, suggests however that CSQcontaining vesicles might pinch off from the GC. The rarity of discrete CSQ-labeled vesicles in the surrounding cytoplasm, together with the observation of vacuoles exhibiting a multilobated content, suggest the GC-derived vesicles to be destined to rapid fusion, and CSQ concentration to occur primarily within the large vacuoles. Because of these probable processes, the newly assembled CSQ-rich vacuoles may appear akin to prelysosomes or even to secretion granules, a nature that might explain also the acidity of their content revealed by the labeling with DAMP. In addition, appreciable amounts of the heterologous CSQ were recovered in the incubation medium. Since, however, release of CSQ did not increase when the cells were exposed to ionomycin, an ionophore that stimulates regulated secretion from a variety of secretory cells, the involvement of regulated secretion granules appears unlikely.
Most CSQ-rich vacuoles were positive not only for the acidity marker, DAMP, but also for the lysosomal enzyme, CatD. How could the vacuoles pick up their modest, but appreciable, levels of this and, presumably, other lysosomal enzymes? The fact that the vacuoles do not coincide with the whole lysosome population, but with a subpopulation, makes unlikely the involvement of the molecular transport mechanisms specific for mannose-6-phosphate and its receptors. Alternatively, at least three processes have been described for the lysosomal conversion of intraceUular structures: autophagocytosis (see Dunn, 1990a, b) , ERlysosomal diversion (Noda and Farquhar, 1992) and crinophagy (Smith and Farquhar, 1966; Farquhar, 1969) . In our cells, autophagocytosis and diversion appear unlikely, the first because the vacuole content did exhibit neither recognizable organelles nor myelin figures, as expected from the unspecific engulfment of volumes of the cytoplasm; the second because intermediate stages of ER processing, preceding the appearance of lysosomal enzyme positivity, were never observed. Moreover, as already mentioned, the vacuoles were negative for ER lumenal proteins, PDI and CR. At the present time, therefore, the most likely explanation appears crinophagy, i.e., the direct fusion of lysosomes with the vacuoles. This interpretation appears supported by images suggesting vacuole-lysosome fusion and by the irregularities of the limiting membrane, observed in the vacuoles by conventional electron microscopy, which could result from the fusion process. Moreover, crinophagy could explain the observation that only the authentic and not the faster CSQ isoform is released to the medium, if we assume that after lysosome fusion (the process that presumably leads by proteolysis to the generation of the faster band) the vacuoles loose their property to be discharged at the plasmalemma. Whatever the biogenetic process, what is clear is that the CSQ-rich vacuoles account for only a fraction of the cell lysosomes, while the others contain no or only small concentrations of CSQ.
The [Ca2+] i study of the undifferentiated, CSQ-infected L6 cells provided additional information about the vacuoles. The lack of major differences in the responses to Vp with respect to the controls was expected. The hormone action on [Ca2÷]i occurs in fact via the generation of IP3 and the release of Ca 2÷ from stores located in the ER, an organelle that CSQ infection left substantially unchanged in the undifferentiated cells (only minimal levels of CSQ within the lumen; no change of other components, including CR and the IP3 receptor). Unexpected, in contrast, were the results obtained with ionophores, ionomycin and monensin. In particular, the combination of these two drugs is known to induce discharge of Ca 2÷ from organelles with acidic lumena (Fasolato et al., 1991) , such as the vacuoles. CSQ is a high capacity protein that maintains large part of its Ca 2÷-binding activity in an acidic environment (Mac Lennan and Wong, 1971) . Since its concentration within the vacuoles is high, an increased Ca 2÷ release after the combined treatment with the two ionophores was to be expected. The only explanation for the negative result is that vacuoles contain no accumulated Ca 2÷, presumably because their membrane contains no Ca 2÷ ATPase.
Differentiation of L6 cells yielded profound transformations of their structural and functional properties. Already at 7 d a switch occurred in control cells between the major ER lumenal Ca2÷-binding proteins, with decrease of CR and appearance of the homologous CSQ. Since these two events occurred concomitantly, they probably tended to compensate for each other, thus explaining why no major changes occurred in the Vp-induced [Ca2+]~ responses of control cells. The same changes of endogenous CR and CSQ occurred also in the infected cells which however, in spite of their marked decrease of the heterologous CSQ, nevertheless exhibited [Ca2+]i responses to Vp considerably larger than those in both controls and non-differentiated, CSQinfected cells. Such an increase of the Vp responses appears to correlate well with the change of the CSQ distribution. In the differentiated cells, in fact, the CSQ immunolabeling was restricted almost exclusively to the ER lumen. Thus, although no Abs are available to us that discriminate between homologous and heterologous CSQs, we can nevertheless conclude that these two forms were co-accumulated at that site, in clear excess with respect to the decrease of CR. This excess is most likely responsible for the increased Ca 2÷ capacity of the IP3-sensitive stores, revealed by the release experiments with Vp. Moreover, in the infected differentiated (and also in the control) cells the immunogold labeling of the ER was clearly non-random, with concentration in specific areas and apparently complete lack in others. Retention and non-random distribution of CSQ within the ER can only be attributed to the appearance during differentiation of the so far unidentified mechanisms for the development and anchorage of the CSQ masses discussed above in the other cells that express the protein.
In the differentiated L6 cells the CSQ masses might occur in the proximity of IPa receptor clusters, as it is the case for the smooth muscle SR (Villa et al., 1993a) and also for the striated muscle SR with the ryanodine receptors (FranziniArmstrong et al., 1987) . This could explain why higher differences in [Ca2+]~ responses between controls and infected cells were better observed at submaximal rather than at maximal concentrations of Vp. With strong stimulations, because of the general recruitment of IP3 receptors, the Ca 2+ release could in fact come not only from the specialized, but also from the remaining areas of the ER, which appear to participate little in CSQ accumulation.
In conclusion, the results that we have reported have permitted us to trace the distribution of CSQ, the major muscle SR Ca2+-binding protein, when expressed in a myoblast line before and after differentiation. Expression of the protein by the undifferentiated L6 cells, which are not equipped for this task, has revealed accumulation within a post-GC vacuolar compartment which appears to largely correspond to a lysosomal subpopulation and which, although much less prominent, does develop also in a fraction of the control cells once the synthesis of the homologous CSQ is initiated during differentiation. The CSQ-rich vacuoles seem to be poor of Ca 2÷ within their lumen, a property that, to our knowledge, had never been reported for any cytoplasmic organelles (see Pozzan et al., 1994) . It was only in the infected differentiated L6 cells, where accumulation of CSQ occurs not much within the vacuoles but within the compartment of physiological localization, the ER, that a functional correlate of the Ca2+-binding protein expression was revealed, i.e., an increase of the IP3-mediated Ca 2+ release. These observations document two phenomena which, although widely accepted, were supported up until now by little if any experimental evidence in intact myoblastic cells: the development during differentiation of specific mechanism(s) of CSQ retention in the ER; and the direct contribution of CSQ, when appropriately retained in the ER, to the Ca 2+ capacity of the IPrsensitive, rapidly exchanging Ca 2÷ stores. The availability of the infected L6 cell model we have described, where expression of CSQ and its retention in the ER can be dissociated, is expected to ultimately prove useful for the identification of the retention mechanism(s) that so far have remained elusive when investigated in the cells of physiological expression, such as the various types of muscle fibers.
